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Satellite derived NO2 column data have been used to study Chinese national fossil fuel consumption and pollutant emissions. 
Based on NO2 retrievals from two satellites (GOME and SCIAMACHY) for 1996–2010, we analyzed the characteristics and 
evolution of regional pollution related to NOx emissions in China. Satellite observations indicated that the highly polluted regions 
were expanding. Anthropogenic emission dominated areas have expanded from the east to central and western China, and new 
highly polluted regions have formed throughout the nation. Bottom-up emission estimates suggested a 133% increase in anthro-
pogenic NOx emissions in East Central China during 1996 to 2010, which was lower than the 184% increase of the NO2 columns 
measured by the satellites. We found that growth rates of NOx emissions have slowed in Chinese megacities over recent years, in 
contrast to which, the NOx emissions were soaring in medium-sized cities, indicating that strict controls of NOx emissions from 
coal-fired facilities are required in China. 
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Nitrogen oxides (NOx = NO + NO2) are major contributors to 
regional air pollution. NOx is released into the atmosphere 
as a result of anthropogenic (e.g. fossil fuel combustion) 
and natural (e.g. soil emissions, lightning, biomass burning) 
processes. They are important precursors of tropospheric 
ozone and aerosols, and also participate in the formation of 
acidic precipitation; hence, they are detrimental to human 
health and the ecosystem. During the past two decades, 
China has experienced rapid economic growth, converting 
the world’s largest agrarian nation into an industrial society. 
This process is driven by fossil fuel consumption, and large 
volumes of air pollutants are released into the atmosphere, 
leading to a series of complex air pollution problems such 
as acid rain, haze, and photochemical smog [1,2]. NOx 
emission has a close relationship with fossil fuel consump-
tion, and subsequently in China over the last 20 years, NOx 
has increased the most rapidly of any air pollutant [3–5]. 
An accurate understanding of the complex regional air 
pollution largely depends on the quantification of a priori 
emissions. Previous studies focused on emission budgets 
and spatial-temporal distributions of air pollutants, are mainly 
based on bottom-up emission inventory data [3,5,6]. How-
ever, this method is only as accurate as the statistical data 
and local emission factors [5] used in the calculation. Re-
cently developed space-borne remote sensing technology 
provides an alternative and effective approach to the quanti-
fication of air pollutants [7,8]. Among the various species 
amenable to satellite observation, NO2 has been studied the 
most broadly [9–13]. This is because: (1) retrieval of NO2 is 
less affected by the other strongly absorbing atmospheric 
species; and (2) NO2 has a short atmospheric lifetime, which 
allows closer linking of the measured NO2 columns to the 
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surface emissions of NOx [10,14,15]. The anthropogenic 
NOx emissions are mainly produced alongside energy use, 
so that NO2 in polluted regions is a good indicator of fossil 
fuel consumption [16]. 
In this study, we used satellite derived tropospheric NO2 
columns to study the spatial-temporal variations of NOx 
emissions between 1996 and 2010 in China, and investigat-
ed the forcing factors of these changes. 
1  Data and methods 
1.1  Instruments and data 
Since 1996, several space-borne instruments have been 
launched to observe tropospheric NO2 columns, including 
the Global Ozone Monitoring Experiment (GOME, 1996– 
2002), the Scanning Imaging Absorption Spectrometer for 
Atmospheric Cartography (SCIAMACHY, 2003 to present), 
the Ozone Monitoring Instrument (OMI, 2005 to present), 
and the Global Ozone Monitoring Experiment-2 (GOME-2, 
2007 to present). GOME, SCIAMACHY, and GOME-2 have 
local passing times over China between 9:30 and 10:30 am, 
and, partly because of the similar algorithms used to retrieve 
the data, these measurements have been shown to have high 
consistency [10]. However, serious instrument degradation 
in GOME-2 since 2009 means it cannot now be used for 
trend analysis [17]. Although OMI has the higher spatial 
resolution of the four instruments, it has an early afternoon 
local passing time, which makes it difficult to directly com-
pare to the others. In this work GOME measurements from 
April 1996 to the end of 2002 were used, and SCIAMACHY 
measurements from 2003 to 2010. 
GOME and SCIAMACHY are both sponsored by the 
European Space Agency. GOME was launched in April 
1995 on board the ERS-2 satellite and was the first space- 
borne instrument designed to measure the precursors of lower 
tropospheric ozone and other trace gases. SCIAMACHY 
was launched in March 2002 on board the ENVISAT-1 
platform. Both of these instruments are passive remote sens-
ing spectrometers. GOME measures the earthshine radiance 
and the solar irradiance in the UV/VIS spectral range (240– 
790 nm) at a spectral resolution of 0.2–0.4 nm and a nadir 
pixel size of 320 km × 40 km. With a 960 km across-track 
swath width, the global coverage by GOME can be achieved 
per three days (daily coverage achieved above 65° latitudes) 
[18]. SCIAMACHY measures the spectral ranged from 240 
to 2380 nm, covering the near-infrared wavelength. The 
nadir pixel size for SCIAMACHY is about 60 km × 30 km, 
and the spectral resolution is 0.22–1.48 nm. Global cover-
age is achieved every 6 days by SCIAMACHY [19]. 
1.2  Methodology 
In this study, we use the GOME and SCIAMACHY tropo-
spheric NO2 column products retrieved by the Institute of 
Environmental Physics, Bremen University. The retrieval 
process consists of three steps [10]: First, a slant NO2 col-
umn density is determined from a spectral fit using a Dif-
ferential Optical Absorption Spectroscopic (DOAS) ap-
proach at 425–450 nm. Then the stratospheric contribution 
to the slant columns is estimated by assimilating slant col-
umns provided by the SLIMCAT model and then removed 
from the total slant column. Finally, the residential tropo-
spheric slant column is converted into vertical column by 
application of the tropospheric air mass factor (AMF) cal-
culated by SCIATRAN. For individual retrievals, the abso-
lute error attributed to the random spectral fit and subtrac-
tion of the stratospheric contribution is estimated to be 
(0.5–1.0) × 10
15 molecules cm2. The relative error in the 
month-average column is 40%–60% in polluted regions, 
largely because of the AMF uncertainty (not important for 
trend analyses). The overall error of the annual change in 
the NO2 column over China is estimated to be 15% [10]. 
The accuracy of the satellite measurements is reduced by 
clouds, which block the observation of NO2 beneath them. 
The satellite pixels showing cloud fraction >0.2 were fil-
tered out in our analysis. Cloud information is synchronously 
derived from the observations of GOME and SCIAMACHY, 
which is available from the website of the Royal Nether-
lands Meteorological Institute (http://www.temis.nl/fresco/). 
We then allocated the swath data into 0.125° × 0.125° hori-
zontal grids and calculated the month-average NO2 columns 
for each grid. NOx has a shorter lifetime in summer so that 
will be transported less far from sources than in winter. 
Therefore, the observed NO2 columns have the closest rela-
tionship to surface NOx emissions in summer [4]. For this 
reason we used the summer average NO2 columns to demon-
strate the spatial characteristics of the emissions, and to an-
alyze the temporal trend based on the annual average NO2 
columns. 
2  Results 
2.1  Spatial-temporal variations of NO2 columns during 
1996–2010 
Figure 1 shows the spatial-temporal variations of NO2 col-
umns observed by the satellites during 1996–2010 in East 
Central China. Using only summer satellite measurements, 
these observations show significant characteristics of regional 
pollution, with greater spatial coverage of highly polluted 
areas. During 1996–1998, these regions of high NOx emis-
sions were mainly concentrated in the North China Plain, 
Yangtze River Delta, and Pearl River Delta. However, by 
2008–2010, the NOx emission strengths in these areas had 
increased, resulting in super-regions of pollution including 
Beijing-Tianjin-Tangshan, Central of Hebei, West of Shan-
dong, and North Central of Henan. The extension of high 
polluted regions in Yangtze River Delta also enlarged. In 
addition, new hotspots appeared in Jilin, Central Liaoning,  
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Figure 1  Satellite observed spatial-temporal variations of NO2 columns during 1996 to 2010. Solid lines within the Chinese national boundaries denote the 
twelve key regions defined in the “Joint Prevention and Control Strategy” by Ministry of Environmental Protection (MEP). (a) Summer average tropospheric 
NO2 columns retrieved from GOME for the period 1996 to 1998. (b) Summer average tropospheric NO2 columns retrieved from SCIAMACHY for the peri-
od 2003 to 2005. (c) Summer average tropospheric NO2 columns retrieved from SCIAMACHY for the period 2008–2010. (d) Ratios of (c) and (b). Grids 
with tropospheric NO2 columns less than 10
15 molecules cm2 are not colored in (d). 
Inner Mongolia, North Central Shanxi, Guanzhong Zone in 
Shaanxi, the Wuhan City cluster, Chengdu-Chongqing, and 
the Urumqi City cluster.  
Figure 2 shows the changes in tropospheric NO2 columns 
between 2000 and 2010 in three differently sized city-clus-      
ters: Beijing-Tianjin-Tangshan, Wuhan and surroundings, 
and the city-cluster in South Shandong. By 2010, the high 
NO2 columns covered the entire urban areas in these three 
regions. We also found that the growth rates of NOx emis-
sions and pollution levels in medium-sized cities such as 
Zaozhuang, Linyi, and Jining were comparable to those in 
the megacities, indicating the urgency of implementing 
controls on NOx emissions in medium-sized Chinese cities. 
With the increase of serious regional pollution in China, 
the General Office of State Council published the “Guiding 
Opinions on Facilitating the Joint Prevention and Control of 
Air Pollution and Improving the Regional Air Quality”. 
This was issued by nine ministries including MEP, and aims 
to facilitate the joint control of regional pollution in nine 
(later 12) key regions [20]. Figure 1 shows the three eco-
nomic circles (Beijing-Tianjin-Hebei, Yangtze River Delta, 
and Pearl River Delta), and the nine city-clusters (Central of 
Liaoning Province, Shandong Peninsula, the Wuhan City 
cluster, Changsha-Zhuzhou-Xiangtan, Chengdu-Chongqing, 
West Coast of Taiwan Strait, West and Central Shanxi 
Province, Guanzhong zone in Shaanxi Province, and the 
Urumqi City cluster). Satellite observations between 2008 
and 2010 suggested that these key regions marked by MEP 
in the “Joint Control and Prevention Strategy” cover the 
main high NOx emission areas. Therefore, these key regions 
are representative; however, the highly polluted city-clusters 
in Central of Henan and West of Shandong are not included 
in the Strategy, and the rapid growth in NOx emissions from 
industrial regions in Jilin and Inner Mongolia risks turning 
these two provinces into new highly polluted areas. We 
suggest considering these regions as top priorities in the  
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Figure 2  Changes in tropospheric NO2 columns and the major socio-economic indexes of three city clusters between 2000 and 2010. From top to bottom: 
Beijing-Tianjin-Tangshan, Wuhan and surroundings, and the city-cluster in South Shandong. 
next stage of the strategy. 
In the past decade, the growth rates of NO2 columns in 
Beijing-Tianjin-Hebei, Shandong Peninsula and Yangtze 
River Delta stand out among these key regions (Figure 3). 
Correlation analysis between the NO2 columns and the pop-
ulation density indicates a slowing down of the growth rates 
of the NO2 columns in the megacities during 2008–2010. 
This contrasts with the rapid growth of the same in medium 
sized cities. Figure 4 shows the profiles and evolution of the 
summer average tropospheric NO2 columns over three typ-
ical latitude bands. The growth rate of NO2 columns be-
tween 2003 and 2010 is smaller than that between 1997 and 
2003 over Shanghai, but the high polluted areas have ex-
tended. In contrast, the growth rates of NO2 columns in me-
dium sized cities such as Wuhan, Handan, Zibo, and Zunyi 
between 2003 and 2010 are larger than those between 1997 
and 2003. Similar results are also found over other latitude 
bands, which can be characterized as the growth of NO2 
columns in megacities mainly occurred in the first half of 
the period during 1996–2010, while the NO2 columns in 
medium sized cities have increased more significantly in 
recent years. It is worth noting that direct comparison of 
GOME and SCIAMACHY at high-resolution grid level are 
qualitative because of the differences in spatial resolution 
between two instruments. 
Figure 1(d) shows the growth rates of NOx emissions in 
different regions over the past five years. To minimize un-
certainties, the grids with summer average NO2 columns 
lower than 1015 molecules cm2 have been removed. We 
found the most rapid growth of NOx emissions occurred in 
the old industrial regions in Jilin and Liaoning, and newly 
developing industrial regions in Inner Mongolia, Shanxi, 
and Ningxia. The growth of NOx emissions has slowed 
down in megacities such as Beijing, Shanghai, and Guang-
zhou. 
In regions dominated by anthropogenic emissions, trop-
ospheric NO2 columns show winter maxima, because of the 
longer lifetime of NOx and the less turbulent conditions in 
winter. In regions dominated by emissions from natural 
sources such as soils and lightning, the emission strength is  
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Figure 3  Correlations between the NO2 columns and the population density in twelve key regions during 1997–2010. Data are at 0.5° × 0.5° grids. Colors 
denote different regions. Grey data are for grids outside the twelve key regions.  
 
Figure 4  Profiles and evolution of summer average tropospheric NO2 columns in three typical latitude bands during 1997–2010. 
far higher in summer so that the tropospheric NO2 columns 
show summer maxima. These seasonal characteristics can 
be used to identify the dominant source of NOx in a given 
area [21,22]. Based on the analysis of seasonal characteris-
tics of NO2 columns in China during 1996 and 2010, we 
found the influence of anthropogenic emissions with time to 
be expanding from east to west in China. Figure 5 shows an 
example in the northwest of China. It is clear that the Great 
Band of Yellow River, Ningxia, and North of Gansu were 
dominated by natural sources between 1996 and 1998, with 
maximal NO2 columns occurring in summer. However, 
during 2003 to 2005 and 2008 to 2010, most grids in Ning-
xia and the Great Band of the Yellow River had a maximum 
NO2 column in winter. Between 2008 and 2010, these also 
included the urban areas in North of Gansu. The change of 
the seasonal characteristics of the maximum NO2 columns 
indicates an expanding influence of the anthropogenic emis-
sions in these areas, and also that the dominant source of 
NOx emissions has changed from natural to anthropogenic. 
2.2  Driving forces of the NOx emission changes 
To investigate the driving forces for these huge changes of 
spatial-temporal patterns of NOx emissions in China over 
the past 15 years we compared the relative changes of satel-
lite NO2 observations with those of the anthropogenic NOx 
emissions as well as other social, economic, and energy 
indexes (Figure 6). To avoid any interference from back 
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Figure 5  Changes of seasonal NO2 columns maxima over the central and west of China derived from two satellites (GOME and SCIAMACHY) (including 
Hebei (HEB), Henan (HEN), Shanxi (SHX), Shaanxi (SHA), Inner Mongolia (NMG), Ningxia (NXA), Gansu (GAN), and Qinghai (QIH)). Double circles 
denote the capitals of the provinces and single circles denote the major cities. Values are seasonal means for winter (December–February), spring 
(March–May), summer (June–August), and autumn (September–November). 
 
Figure 6  Inter-annual relative changes in the NO2 columns, anthropo-
genic NOx emissions, and social, economic, and energy indexes. All data 
were normalized to the year 2000. Study region: 30°–40°N, and 110°– 
123°E. 
ground areas we conducted this comparison in the most 
polluted regions of China (East Central China, (ECC), 
110°–123°E, and 30°–40°N). All of the data used in Figure 
6 are from published statistical data sources. NOx emissions 
are updated to 2010 on the basis of our previous work, 
which took into account the impacts from technical evolu-
tion and emission control measures on the emission factors 
[4]. The bottom-up emission estimates suggest a 133% in-
crease of the anthropogenic NOx emissions in ECC during 
1996–2010, which is slightly lower than the 184% increase 
in the NO2 columns measured by the satellites. Considering 
the uncertainties in emission estimates and satellite retriev-
als, and the inter-annual variations of the meteorological 
factors, these two growth rates actually agree well. The an-
thropogenic NOx emissions have increased dramatically 
since 2000, surging by a factor of 1.19 during 2000–2010. 
This is comparable to the 144% increase in the NO2 col-
umns in this period and consistent with the rapid economic 
development in China since 2000. 
The growths in coal consumption and vehicle ownership 
are usually considered as major driving forces of the Chi-
nese increases in anthropogenic NOx emissions [4,23]. In 
Figure 6 the growth of the NOx emissions is consistent with 
that of total coal consumption, but is far less than that of 
vehicle ownership. Within the various indexes shown in 
Figure 6, the growth in the NO2 columns has the best corre-
lation (slope = 1.04, R
2
 = 0.97) with that of the total coal 
consumption. China has taken strict action to control vehi-
cle emissions since 2000. These actions have resulted in the 
successful enforcement of the China III Emission Standard 
across the country. The new standard, the China IV Emis-
sion Standard is to be promoted soon. Therefore, although 
vehicle ownership has surged dramatically in the past dec-
ade, the vehicle emissions have not increased so signifi-
cantly in recent years, and even decreased in some megaci-
ties [24]. The vehicle emissions are the major source of NOx 
in the megacities, so that the slowing of the growth in NO2 
columns measured by satellites in these megacities is main-
ly attributed to the effective control of vehicle emissions. 
These controls will continue for a long period to relieve the 
pressure from air pollution in megacities. NOx emissions in 
megacities in developed countries have already decreased 
because of the strict actions on vehicle emissions (see the 
case of Los Angeles in Figure 4). 
In medium sized industrialized cities, coal consumption 
is still the major cause of NOx emissions. The controls of 
NOx emissions from coal-fired facilities are still at a pre-
liminary stage in China. Although the low-nitrogen-burners 
have been popularized in large power plants, the national 
flue gas denitration program in power plants is not yet com-
pleted, and the NOx emissions from the industrial facilities 
are still not effectively controlled. Therefore, the rapid 
growth of NOx emissions in medium sized cities is largely 
related to the uncontrolled coal-fired emissions. It is worth 
noting that a large batch of power plants have been built in  
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Figure 7  Relationship between growth of NO2 columns and new power plants in Inner Mongolia. Solid circles denote the locations of new power plants 
which came into operation during 2005–2008.
recent years because of the urgent demands for electricity 
supply in the industrialization and urbanization processes, 
and these have severely aggravated the regional NOx pollu-
tion. As shown in Figure 7, the NO2 columns increased 
more significantly close to the new power plants in Inner- 
Mongolia during 2005–2008. This indicates the importance 
of the transition of economic development patterns in key 
regions to control total coal consumption. 
3  Conclusions 
Over 1996–2010, we used satellite derived tropospheric 
NO2 columns over China from GOME and SCIAMACHY 
to study the spatial-temporal variations of NOx emissions, as 
well as their driving forces. Results suggested that the ex-
isting high pollution regions have enlarged, and new ones 
have formed throughout the nation. Anthropogenic emission 
dominated regions have expanded from the east to central 
and western areas of China, with regional pollution charac-
teristics increasingly significant. Analysis showed that the 
MEP-defined key regions in the “Joint Prevention and Con-
trol Strategy” are representative and rational. However, the 
highly polluted city-clusters in Central Henan and West of 
Shandong were not included in this Strategy, and the rapid 
growth of NOx emissions from industrial regions in Jilin and 
Inner Mongolia would possibly turn these two provinces 
into new highly polluted regions soon. We suggest consid-
ering these regions as top priorities in the next stage of the 
Strategy. Satellite observations also indicated that the growth 
rates of NOx emissions in megacities have slowed in recent 
years, possibly because of effective controls on vehicle 
emissions. However, NOx emissions are soaring in medium 
sized cities, largely attributed to uncontrolled emissions 
from coal-fired facilities. 
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